Mechanisms inducing perforation of the postsynaptic density (PSD) are poorly understood. We show that neural cell adhesion molecule--deficient (NCAM2/2) hippocampal neurons have an abnormally high percentage of synapses with perforated PSDs. The percentage of synapses with perforated PSDs is also increased in wild-type (NCAM1/1) neurons after the disruption of the NCAM/ spectrin complex indicating that the NCAM-assembled spectrin cytoskeleton maintains the structural integrity of PSDs. We demonstrate that PSD perforations contain endocytic zones involved in a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) internalization. Induction of long-term potentiation in NCAM1/1 neurons accompanied by insertion of AMPAR into the neuronal cell surface is subsequently followed by formation of perforated synapses and AMPAR endocytosis suggesting that perforation of PSDs is important for membrane homeostasis in activated synapses. In NCAM2/2 or NCAM1/1 neurons with dissociated spectrin meshwork, AMPAR endocytosis is enhanced under conditions of basal activity. An abnormally high rate of postsynaptic membrane endocytosis may thus contribute to brain pathologies associated with mutations in NCAM or spectrin.
Introduction
A glutamatergic synapse in the central nervous system is composed of a presynaptic bouton containing synaptic vesicles filled with neurotransmitter facing the postsynaptic membrane characterized by an accumulation of electron-dense material and called the postsynaptic density (PSD). 3D reconstructions show that PSDs are disc-like structures in the majority of synapses (Harris et al. 1992; Stewart et al. 2005) . Although biochemical analyses indicate that PSDs are mechanically very stable structures, some synapses, however, have PSDs of complex shapes resulting in segmented profiles of electrondense material in single sections. These synapses with PSDs of complex shapes are often referred to as perforated and attracted attention because of the transient increase in their percentage following neural activity, such as induction of longterm potentiation (LTP; Geinisman et al. 1991 Geinisman et al. , 1993 Buchs and Muller 1996; Yuste and Bonhoeffer 2001) . They are often considered to be landmarks of increased synapse activation in brain pathologies (Muriel et al. 2001; Jourdain et al. 2002; Leite et al. 2005) . Although models for the mechanisms underlying PSD perforation have been proposed, the mechanisms regulating PSD integrity and functions of perforations have remained a matter of debate (Edwards 1995; Sorra et al. 1998; Nikonenko et al. 2002) .
The majority of fast excitatory transmission in the central nervous system is mediated by a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARs), which are heteromers of the subunits GluR1--GluR4 accumulating in PSDs of glutamatergic synapses. Although there is a freely diffusible pool of AMPARs (Adesnik et al. 2005; Sharma et al. 2006 ), a significant part of these receptors is attached to the postsynaptic cytoskeleton. In spite of this association, postsynaptic levels of AMPARs can be rapidly reduced via clathrinmediated endocytosis of the receptors to recycling endosomes (Carroll et al. 1999; Ehlers 2000) . This process requires a reduction in their association with the cytoskeletal scaffold accumulated in PSDs (Lu and Ziff 2005) . However, little is known how changes in PSD structure may contribute to the efficiency of AMPAR endocytosis.
The neural cell adhesion molecule (NCAM) promotes synapse formation , accumulates in PSDs (Persohn et al. 1989; Schuster et al. 1998) , and regulates synaptic efficacy (Cremer et al. 1994; Muller et al. 1996; Bukalo et al. 2004) . In humans, mutations in NCAM and its abnormal expression and processing are associated with bipolar affective disorders and schizophrenia (Vawter et al. 1999; Vawter 2000; Arai et al. 2004; Sullivan et al. 2007; Brennaman and Maness 2010) . The intracellular domains of the 2 transmembrane isoforms of NCAM with molecular weights of 140 kDa (NCAM140) and 180 kDa (NCAM180) directly interact with bI spectrin (Leshchyns'ka et al. 2003) , hereafter denoted spectrin, one of the major components of PSDs (Persohn et al. 1989; Malchiodi-Albedi et al. 1993; Ziff 1997; Baines et al. 2001 ). Spectrin molecules cross-linked by short filaments of Factin form a cytoskeletal meshwork, which lines the lipid bilayer of the plasma membrane providing mechanical support and spatially organizing membrane microdomains (Bennett and Baines 2001) . Assembly of this meshwork is regulated by NCAM, which recruits spectrin to the plasma membrane and PSDs, thus organizing the postsynaptic NCAM/spectrin adhesion complex (Leshchyns'ka et al. 2003; Sytnyk et al. 2006) . Abnormal processing of spectrin has been also observed in schizophrenia (Kitamura et al. 1998) .
Here, we show that NCAM deficiency results in an increased percentage of perforated PSDs in the brain. To elucidate the mechanisms by which NCAM contributes to the maintenance of the structural integrity of PSDs, we investigated possible factors that had been suggested to cause PSD perforation, including neuronal activity (Edwards 1995) , plasma membrane expansion by fusion of synaptic or transport vesicles with presynaptic or postsynaptic membranes (Sorra et al. 1998) , or burst-like actin polymerization at PSDs resulting in formation of a protrusion called spinule often seen at perforated sites (Toni et al. 2001; Spacek and Harris 2004) . Our results, however, indicate that the disruption of the NCAM/spectrin adhesion complex is required and sufficient for PSD perforation. Furthermore, we show that PSD perforations provide sites for AMPAR endocytosis in the postsynaptic membrane. Abnormalities in postsynaptic protein turnover may thus contribute to neuropsychiatric disorders associated with mutations in NCAM or spectrin.
Materials and Methods

Animals
Constitutive NCAM-/-mice were generously provided by Dr Harold Cremer (Developmental Biology Institute of Marseille; Cremer et al. 1994 ) and were inbred for at least 9 generations onto the C57BL/6J background. NCAM-/-mice in which the NCAM gene was conditionally inactivated by cre recombinase under the control of the calcium--calmodulin kinase II promoter have been described (Bukalo et al. 2004 ).
Processing of Brain Tissue for Electron Microscopy
NCAM+/+ and NCAM-/-male littermates (5--7 months old) were used. Animals were anesthetized and perfused transcardially with a mixture of 2% formaldehyde and 2.5% glutaraldehyde in phosphate buffered saline (PBS), pH 7.3. Brains were then postfixed overnight in 4% formaldehyde and 5% glutaraldehyde in PBS at 4°C, sectioned with a vibratome and processed for transmission electron microscopy as described (Saghatelyan et al. 2004) . Slices containing dorsal hippocampus were trimmed and ribbons of consecutive serial ultrathin sections (60 nm) were cut and collected on formvar-coated slot grids. Sections were counterstained with uranyl acetate and lead citrate and examined using a Zeiss CEM 902A electron microscope. Images were taken in the middle of the CA1 stratum radiatum at a distance of 100--140 lm from the CA1 pyramidal cell layer ( Supplementary Fig. S1 ) with a digital camera at a magnification of 13 400 or 20 000. In order to increase the area analyzed, we have used a multiple image alignment option of camera control software (analySIS 3.0).
2D Analysis
Synapse density was estimated using an unbiased stereological disector method (Jeffrey et al. 2000) . Pairs of electron micrographs from adjacent sections were obtained at 37000 magnification. For each animal, 40--50 disectors and only asymmetric spine synapses were analyzed. An asymmetric synapse was identified by its prominent PSD and at least 2 synaptic vesicles located in close proximity to the active zone. 2D analysis of the spine head area and number of clathrin-coated vesicles (CCVs) was performed using images taken at 20 000 magnification. Two hundred individual spine profiles per genotype were analyzed using UTHSCSA Image Tool Software (University of Texas). All measurements were performed in a blinded manner.
3D Reconstruction
For reconstruction of individual spines and PSDs, ribbons of 19 up to 50 consecutive serial sections were used. Image alignment, reconstructions, PSD surface area, and spine volume measurements were done as described using software available from Drs J. C. Fiala and K. M. Harris (http://synapses.clm.utexas.edu/, last accessed 11-Jan-2011; Fiala and Harris 2001) . One hundred individual spines were reconstructed for each animal with a final number of 500 spines per genotype.
Cultures of Hippocampal Neurons
Cultures of hippocampal neurons were prepared from 1-to 3-day-old C57BL/6J (NCAM+/+) and constitutive NCAM-/-mice as described (Andreyeva et al. 2010) . Cultures were maintained on glass coverslips for immunocytochemistry or on coverslips made of ACLAR embedding film (Plano) for 2--3 weeks. Latrunculin A (5 lM, Biomol) was applied for 2 or 24 h before fixation of cultures (Allison et al. 2000) with the same effect. Tetrodotoxin (TTX; 1 lM, Sigma) and tetanus toxin (10 nM, Sigma; Maletic-Savatic and Malinow 1998) were applied for 1 or 24 h. Vincristine (5 lM, Sigma; Allison et al. 2000) and antimycin A (0.1 lM, Sigma; Molitoris et al. 1996) were applied for 2 h. None of the reagents or vehicle resulted in any evident cell death, cell degradation, or abnormal changes in overall synapse morphology. The percentage of the apoptotically active caspase-3--positive neurons was similar in control nontreated and treated neurons and did not exceed 7% (not shown).
Processing of Cultures for Electron Microscopy
Cultures were processed for electron microscopy essentially as described (Neuhoff et al. 1999) . Briefly, cultures were fixed in 3% glutaraldehyde in PBS, postfixed in 1% OsO 4 in PBS, rinsed in PBS, and embedded in Epon 812 (Carl Roth). Following polymerization, ACLAR coverslips were removed from the embedded cells. Ultrathin sections (90 nm) were stained with aqueous uranyl acetate and lead citrate. For each culture, 100 individual asymmetric synapses were digitally photographed at 330 000 magnification with a MegaView II camera (Soft Imaging System) attached to the microscope. All experiments were performed at least 2 times with at least 3--5 cultures per experimental value. All estimations were performed in a blinded manner.
Transfection of Neurons and 3T3 Cells
Neurons were transfected with control nonsilencing scrambled small interfering ribonucleic acid (siRNA) or bI spectrin siRNA (Santa Cruz Biotechnology). In another set of experiments, neurons or 3T3 cells were transfected with the negative control vector or miR RNAi expression vectors coding for bI spectrin micro ribonucleic acid (miRNA). Spectrin bI miRNA expression vectors were developed using the BLOCK-iT PolII miR RNAi expression vector kit (Invitrogen) and designed to coexpress bI spectrin miRNA together with emerald green fluorescent protein. The following oligonucleotides were inserted into BLOCK-iT PolII miR RNAi expression vector:
bI-1 miRNA: Top: 5#-TGC TGT ATC TAG GCC CTC TAA CCG CTG TTT TGG CCA CTG ACT GAC AGC GGT TAG GGC CTA GATA-3# Bottom: 5#-CCT GTA TCT AGG CCC TAA CCG CTG TCA GTC AGT GGC CAA AAC AGC GGT TAG AGG GCC TAG ATA C-3# bI-2 miRNA: Top: 5#-TGC TGT GCC CAG GTC GTC TGA TCG CAG TTT TGG CCA CTG ACT GAC TGC GAT CAC GAC CTG GGC A-3# Bottom: 5#-CCT GTG CCC AGG TCG TGA TCG CAG TCA GTC AGT GGC CAA AAC TGC GAT CAG ACG ACC TGG GCA C-3#
Neurons and 3T3 cells were transfected using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. Neurons were transfected 12 days after plating and analyzed 14 days after plating. In immunocytochemical experiments with siRNA, knockdown of bI spectrin expression was confirmed by labeling neurons with polyclonal antibodies against bI spectrin (Santa Cruz Biotechnology) as described (Sytnyk et al. 2006) . For electron microscopy, neurons were transfected with bI spectrin siRNA twice on 2 consecutive days to increase the efficiency of transfection. Previously, we have shown by western blot analysis of the lysates of transfected cells that this protocol results in at least a 90% downregulation of bI spectrin expression in bI spectrin siRNA transfected but not in control siRNA-transfected neurons (Sytnyk et al. 2006) . Hence, neurons were analyzed at the electron microscopic level without the need for further confirming the efficiency of transfection. In experiments with overexpression of bI spectrin miRNA, the efficiency of bI spectrin knockdown was analyzed by western blot of 3T3 cell lysates ( Supplementary Fig. S4 ).
Loading of Neurons with Spectrin Fragments
Spectrin fragments were introduced into neurons 12 days after plating using the protein delivery reagent Pulsin (Biomol) according to the manufacturer's instructions.
Analysis of Transferrin Receptor Endocytosis
Neurons were incubated with Alexa Fluor 546-transferrin conjugates (0.2 mg/mL, Invitrogen) applied in the culture medium for 1 h in a CO 2 incubator. Neurons were then washed with culture medium, incubated with 0.5 M NaCl/0.2 M acetic acid for 4 min on ice to remove surface bound transferrin, and then fixed with 4% formaldehyde in PBS. Images of labeled neurons were acquired with the LSM510 laser scanning microscope. Proximal dendrites and somata of labeled neurons were manually outlined and mean fluorescence intensities of internalized transferrin within the outlines were measured using ImageJ (National Institutes of Health).
Analysis of AMPAR Endocytosis
Neurons were incubated for 15 min in a CO 2 incubator with the mouse monoclonal antibody 8A1 recognizing the extracellular domain of GluR1 obtained from Dr Peter Streit (Brain Research Institute, University of Zurich), mouse monoclonal antibody against the extracellular domain of GluR2 (Millipore), or control nonimmune mouse immunoglobulins (Santa Cruz Biotechnology). Neurons were then washed with culture media 3 times and incubated with nanogold anti-mouse-Fab conjugates (Nanoprobes) for electron microscopy or Cy3-conjugated goat anti-mouse antibodies (Jackson ImmunoResearch Laboratories, Inc.) for confocal microscopy for 15 min in a CO 2 incubator. For electron microscopy, after washing with culture medium the neurons were allowed to recover for 5 min, fixed in 3% glutaraldehyde in PBS, treated with Goldenhance-EM Formulation (Nanoprobes) to enlarge nanogold and processed for electron microscopy as described above. For confocal microscopy, following washing the neurons were allowed to internalize GluR1/Cy3 or GluR2/ Cy3 complexes for 1 h in a CO 2 incubator. Then neurons were fixed with 4% formaldehyde in PBS, washed with PBS, blocked with 3% bovine serum albumin in PBS, and labeled with Cy2-conjugated donkey anti-goat antibodies (Jackson ImmunoResearch Laboratories, Inc.) for 30 min at room temperature to visualize surface GluR1/Cy3 and GluR2/ Cy3 complexes. In control experiments, when nonimmune mouse immunoglobulins were used instead of the anti-GluR1 or anti-GluR2 antibody, no Cy3 or Cy2 labeling was observed (not shown) indicating that nonspecific binding and uptake of secondary antibodies was negligible. Images of labeled neurons were acquired with the LSM510 laser scanning microscope. For each neurite, Cy3-labeled clusters were automatically outlined using a threshold function of Scion Image software (Scion Corporation), and mean intensities of Cy3 and Cy2 labeling were measured within the outlines. Cy3-labeled clusters containing Cy2 labeling with mean intensity higher than background that was measured near the neurite were considered to be at the surface, while Cy2-negative Cy3-labeled clusters were considered as intracellular accumulations. For each Cy3-labeled cluster, accumulation of Cy3 labeling was defined as a product of mean intensity of Cy3 labeling within the cluster multiplied by the cluster area. The index of internalization along a neurite was then calculated as the sum of intracellular Cy3 accumulations along the neurite normalized to the sum of all Cy3 accumulations including both surface and intracellular accumulations:
GluR1 intern: =+ðarea GluR1intr: 3 mean GluR1intr: Þ À +ðarea GluR1intr: 3 mean GluR1intr: Þ + + À area GluR1surf: 3 mean GluR1surf: ÁÁ ;
GluR2 intern: =+ðarea GluR2intr: 3 mean GluR2intr: Þ À +ðarea GluR2intr: 3 mean GluR2intr: Þ + + À area GluR2surf: 3 mean GluR2surf: ÁÁ : GluR1 intern. in stimulated neurons was estimated essentially as described in ''Analysis of AMPAR Endocytosis,'' except that GluR1 was labeled either before or after glycine stimulation and neurons were fixed at the time points indicated in the text. To measure cell surface levels of GluR1, neurites were manually outlined, and mean intensities of the surface Cy2-labeled GluR1 within the outlines were measured using ImageJ.
Statistical Analysis
The nonparametric Kolmogorov--Smirnov test was applied to compare differences in data comprising 2 sets of samples. In experiments comparing several groups, differences were analyzed using one-way analysis of variance (ANOVA) and Dunnett's multiple comparison test. Differences were considered as significant when the P value was less than 0.05.
Results
The Percentage of Synapses with Perforated PSDs Is Increased in NCAM-/-Hippocampal Neurons
We started by comparing the density and ultrastructure of excitatory synapses in the CA1 stratum radiatum of the hippocampus of young adult wild type (NCAM+/+) and NCAM deficient (NCAM-/-) mice. In NCAM-/-mice, NCAM was conditionally ablated under the control of the aCaMkinaseII promoter starting by the third postnatal week (Bukalo et al. 2004 ) to minimize developmental defects. The density of excitatory synapses determined with the aid of the stereological disector in histological sections examined electron microscopically was not different in NCAM-/-versus NCAM+/+ animals. In NCAM-/-mice, however, the percentage of synapses with perforated PSDs was increased by approximately 30% (Fig. 1A,B ). Cross-sectional spine head area analyzed in 2D brain sections was not changed in NCAM-/-synapses, showing that abnormal spine swelling was not the reason for the increased percentage of perforated PSDs in NCAM-/-mice ( Fig. 1A,B) . A similar effect was observed when constitutively deficient NCAM-/-mice (Cremer et al. 1994) were analyzed: Synaptic density was 2.14 ± 0.19 and 2.12 ± 0.27 synapses per 
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To verify these data, we also performed 3D reconstructions of individual spines and PSDs in the CA1 stratum radiatum of the hippocampus of NCAM+/+ and constitutive NCAM-/-mice ( Fig. 2A ; Supplementary Figs . S2 and S3). As described previously, disruptions in the electron-dense material observed in 2D sections (Fig. 1A ) reflected either perforations within PSDs or distortions in the PSD shape, such as formation of Ushaped or more complex structures including complete PSD segmentations ( Figs. 2A and 3 ). Perforated and distorted PSDs were found in both genotypes: Approximately 8.4 ± 4.11% and 11.9 ± 5.4% of all complex PSDs were of U-shaped in NCAM+/+ and NCAM-/-mice, respectively; 70.1 ± 10% and 70.15 ± 9.3% of all complex PSDs were perforated in NCAM+/+ and NCAM-/-mice, respectively; and 20.1 ± 7.8% and 18 ± 5.3% of all complex PSDs represented totally segmented PSDs in NCAM+/+ and NCAM-/-mice, respectively. For the sake of simplicity, henceforth we will refer to all these PSDs as perforated, that is, PSD will be called perforated if its electrondense material was disrupted at one or more 2D sections.
In agreement with the stereological disector data, reconstructions of approximately 500 spines in the hippocampus of each genotype also showed that the percentage of synapses with perforated PSDs was increased in the NCAM-/-mutant (Fig. 1B) , while the volumes of spines were not changed versus NCAM+/+ mice (Fig. 1B) . To analyze the mechanisms underlying the increased occurrence of perforated PSDs in NCAM-/-synapses, we first investigated the morphology of spines. The percentages of thin, mushroom, and stubby spines were not changed in NCAM-/-mice when compared with NCAM+/+ mice (Fig. 2B) . The volumes of thin and mushroom spines analyzed separately were also not significantly different in both genotypes, although mushroom spines tended (not statistically significantly) to be smaller in volume in NCAM-/-mice (Fig. 2B) . The area of PSDs was slightly but statistically significantly reduced in NCAM-/-synapses (Fig. 2B) in agreement with our previous data obtained using 2D analysis (Sytnyk et al. 2006 ).
Next, we analyzed the percentage of perforated PSDs in synapses formed on spines of different volumes. This analysis showed that in both genotypes, synapses formed on large spines with the volumes over 0.225 lm 3 almost always contained perforated PSDs, while PSD perforations were never observed in synapses formed on small spines with the volumes less than 0.05 lm 3 (Fig. 3) . However, while perforated PSDs were also very rare in NCAM+/+ synapses formed on spines with volumes less than 0.1 lm efficacy (Cremer et al. 1994; Muller et al. 1996; Bukalo et al. 2004 ) and anchoring of transport and synaptic vesicles at synapses (Sytnyk et al. 2002 , we investigated whether the increased percentage of perforated PSDs in NCAM-/-synapses results from enhanced synaptic activity.
We used cultures of dissociated hippocampal neurons as an easy to manipulate assay system (Fig. 4A) . In cultures of NCAM-/-neurons, the percentage of synapses with perforated PSDs was increased when compared with NCAM+/+ neurons (12.2 ± 0.9% in NCAM-/-cultures vs. 10.5 ± 0.3% in NCAM+/+ cultures; Fig. 4B ), in agreement with the observations in intact tissue of constitutive and conditional NCAM-/-mice. Neuronal activity in cultures was inhibited by TTX, which blocks voltagedependent Na + channels thereby inhibiting action potential propagation. Alternatively, neurons were treated with tetanus toxin, which proteolytically inactivates vesicle-associated membrane protein, a component of the SNARE complex, that results in inhibition of presynaptic and postsynaptic exocytosis Figure 2 . The ratio between thin and mushroom spines is not affected in NCAMÀ/À hippocampus. (A) A set of ultrathin sequentially numbered sections through a mushroom spine (asterisk) with a perforated PSD is shown. The inset shows the 3D reconstruction of the spine. (B) Graphs show numbers of thin, mushroom, and stubby spines in NCAMþ/þ and NCAMÀ/À brains normalized to the total number of spines and the volume and PSD area of thin and mushroom spines (mean ± SEM, n 5 6 animals were analyzed for each genotype). The PSD area is reduced in NCAMÀ/À versus NCAMþ/þ synapses. *P \ 0.05, Kolmogorov--Smirnov test.
and synaptic activity (Maletic-Savatic and Malinow 1998; Schiavo et al. 2000; Patten and Ali 2009) . Interestingly, the percentage of perforated synapses in NCAM+/+ neurons increased up to 11.6 ± 0.7% and 16.3 ± 1.6% in cultures treated with TTX for 1 h and 24 h, respectively (Fig. 4B) . Similarly, tetanus toxin application increased the percentage of perforated synapses in NCAM+/+ neurons up to 12.3 ± 0.9% and 14.0 ± 1.1% at 1 h and 24 h after toxin application, respectively (Fig.   4B ). The percentage of perforated PSDs in NCAM-/-neurons also slightly increased at 1 h after application of TTX (up to 14.1 ± 1.5%) and tetanus toxin (up to 13.3 ± 1.5%). This increase was however not statistically significant, when compared with control NCAM-/-neurons, and transient since percentages of perforated synapses were reduced in NCAM-/-neurons to 12.3 ± 1.2% and 11.4 ± 2.7% at 24 h after TTX and tetanus toxin application, respectively (Fig. 4B) . Our data thus indicate that perforated synapses can be formed and/or maintained in the absence of synapse activation and independently of exocytosis. Since neuronal activity is also accompanied by presynaptic and postsynaptic endocytosis, we also analyzed whether an inhibitor of dynamin-dependent endocytosis, dynasore (Newton et al. 2006) , reduces the percentage of perforated synapses. However, dynasore did not reduce the percentage of perforated synapses in both genotypes and the percentage of such synapses even tended (not statistically significantly) to increase in wild type neurons in its presence from 9.8 ± 1% up to 11.1 ± 0.9% (Fig. 4B) .
Similarly, when all ATP-dependent processes in cultured neurons, including exo-and endocytosis (Liao and Perkins 1993) , were blocked using an ATP-depleting agent, antimycin A (Atkinson et al. 2004) , the percentages of synapses with perforated PSDs were not reduced (Fig. 4B) . On the contrary, the percentage of synapses with perforated PSDs was strongly increased from 10.5 ± 0.3% to 16.6 ± 0.8% in response to antimycin A application in NCAM+/+ neurons (Fig. 4B) but not in NCAM-/-neurons (12.2 ± 0.9% and 10.9 ± 1.3% of synapses contained perforations in NCAM-/-neurons treated with vehicle or antimycin A, respectively, Fig. 4B ). Thus, we conclude that PSD perforations can occur independently of exo-or endocytosis.
The Spectrin Meshwork Maintains the Structural Integrity of PSDs
The spectrin--actin meshwork forms a scaffold within PSDs and spines. Since spectrin levels in PSDs and the overall expression of spectrin are reduced in NCAM--/-brains (Leshchyns'ka et al. 2003; Sytnyk et al. 2006) , we analyzed whether the disruption of the spectrin meshwork influences the percentage of perforated synapses.
First, we used latrunculin A that binds to monomeric actin with a 1:1 stoichiometry, thus sequestering G-actin and resulting in net actin microfilament depolymerization and disruption of the spectrin meshwork cross-linked to actin filaments (Allison et al. 2000) . Indeed, latrunculin A application resulted in an increase in the percentage of synapses with perforated PSDs in NCAM+/+ neurons by approximately 30% from 10.5 ± 0.3% in vehicle treated to 14.4 ± 0.8% in latrunculin-treated neurons (Fig. 5A) . In contrast, microtubule depolymerization by vincristine (Allison et al. 2000 ) had no effect on the percentage of synapses with perforated PSD (not shown). Latrunculin only slightly increased the percentage of synapses with perforated PSDs in NCAM-/-neurons from 12.2 ± 0.9% in vehicle treated to 13.75 ± 1.4% in latrunculintreated neurons (Fig. 5A) .
Next, we analyzed the effect of bI spectrin knockdown by transfection with bI spectrin siRNA. When levels of bI spectrin were reduced in NCAM+/+ neurons (see also Fig. 9B ), the percentage of synapses with perforated PSDs was increased by approximately 30% when compared with neurons transfected with control siRNA (Fig. 5B) .
Finally, we assessed directly the role of the bI spectrin/ NCAM complex in the maintenance of the PSD integrity by loading NCAM+/+ neurons with the bI spectrin fragment (bI 2--3 ) containing the binding site for NCAM and disrupting the NCAM/bI spectrin complex (Leshchyns'ka et al. 2003; Sytnyk et al. 2006) . The percentage of perforated PSDs was increased in NCAM+/+ neurons loaded with the bI 2--3 fragment up to 12.3 ± 0.9% versus 7.8 ± 1% in neurons treated with the loading reagent only (mock loaded; Fig. 5C ). In contrast, loading of neurons with a similar fragment of bII spectrin (bII 2--3 ), which does not bind NCAM and localizes presynaptically, had no effect on the percentage of perforated synapses (8.3 ± 0.7% of synapses contained perforations, Fig. 5C ).
Actin Polymerization Is Required for Spinule Formation but Not for PSD Perforation
Elongation of actin microfilaments toward PSDs resulting in PSD disruption was also considered to cause PSD perforation (Edwards 1995) . Disruption of actin microfilaments by latrunculin A, however, did not reduce the percentage of synapses with perforated PSDs, indicating that actin polymerization is not required for PSD perforation (Fig. 5A) . Nevertheless, the percentage of synapses with spinules, protrusions often formed at the sites of PSD perforations (Fig. 6 ), was drastically reduced by latrunculin A (Fig. 6 ) but not by antimycin or vincristine (not shown). Thus, actin polymerization is required for spinule formation and spinules mark sites of active microfilament growth. Taking into the account that spinules in PSDs are formed exclusively at sites free of electron-dense material (Spacek and Harris 2004 ; and our own observations), local dissociation of the spectrin meshwork is probably necessary to remove a physical barrier for spinule formation.
PSD Perforation Is Accompanied by Formation of Endocytic Zones
In glutamatergic synapses, clathrin-decorated domains of the plasma membrane, so-called endocytic zones, normally lie laterally to PSDs (Blanpied et al. 2002) . It has thus been postulated that synaptic receptors and other membrane proteins must be translocated to these endocytic sites before internalization (Blanpied et al. 2002) . In perforated synapses, however, budding CCVs were also observed at sites of PSD perforations both in the cultured neurons and in the hippocampus (Fig. 7A --C; Toni et al. 2001) . The frequency of occurrence of endocytic zones, morphologically identified as coated invaginations of the surface plasma membrane, was approximately the same at sites of PSD perforations and other regions of the spine membrane. In 95 sections of synapses with perforated PSDs analyzed in hippocampus, invaginating-coated pits were found at sites of PSD perforations in 4 synapses, while invaginating-coated pits were observed laterally to PSDs in 3 synapses. A similar result was obtained in cultured neurons: in 100 sections of synapses with perforated PSDs analyzed, invaginating-coated pits were found at sites of PSD perforations in 8 synapses, while budding CCVs were observed laterally to PSDs in 10 synapses. 3D reconstructions showed that the endocytic zones at sites of PSD perforations were often completely surrounded by the electron-dense material characteristic of PSDs (Fig. 7C ). The synaptic cleft over the endocytic zones within PSD perforations was typically widened (Fig.  7A,B) suggesting a reduced association between presynaptic and postsynaptic membranes at the endocytic zone.
We analyzed whether the increased percentage of synapses with perforated PSDs in NCAM-/-neurons correlates with the presence of clathrin-coated vesicles indicative of the postsynaptic endocytosis. In dendritic spines in the CA1 stratum radiatum of NCAM-/-hippocampi, numbers of CCVs located in the vicinity of PSDs (within 0.3 lm from PSD) were increased (Fig. 7D) . Similarly, increased numbers of CCVs were observed postsynaptically in cultured NCAM-/-neurons and in NCAM+/+ neurons transfected with bI spectrin siRNA (Fig. 7D) . Thus an increase in the percentage of PSD perforations strongly correlates with an increase in the numbers of CCVs.
PSD Perforations Contain Endocytic Zones Involved in GluR1 Endocytosis
To investigate whether PSD perforations play a role in the endocytosis of postsynaptic membrane proteins, we visualized sites of AMPAR endocytosis in synapses. Live cultured neurons were incubated with antibodies against the extracellular domain of the GluR1 subunit of AMPARs followed by nanogold-coupled Fabs to visualize GluR1--antibody complexes. Five minutes after the last antibody incubation step, cells were fixed and processed for electron microscopy. GluR1--immunogold complexes were observed in synaptic clefts (Fig. 8A--C) . No labeling was present when nonspecific immunoglobulins were used instead of GluR1 antibodies (Fig. 8D) , indicating labeling specificity. Clathrin-coated membrane invaginations and budding vesicles containing GluR1--immunogold complexes were found in the areas of the postsynaptic membrane, which were free from electron-dense material (Fig. 8A ) in accordance with previous reports showing that endocytic zones are not formed in PSDs but are found laterally to PSDs (Blanpied et al. 2002) . Interestingly, in perforated synapses GluR1--immunogold complexes were observed in the synaptic cleft both apposing PSDs and at perforation sites (Fig. 8B,C) . Furthermore, GluR1--immunogold complexes were present in clathrin-coated membrane invaginations formed at sites of PSD perforations (Fig. 8C, lower panel) . We did not find clathrin-coated membrane invaginations with or without GluR1--immunogold complexes in the electron-dense material surrounding the perforation sites (Fig. 8C, lower 
Deficiency in NCAM or bI Spectrin Results in Enhanced GluR1 Endocytosis
Since numbers of CCVs in the vicinity of PSDs of NCAM-/-neurons were increased (Fig. 7D) , they could reflect a significantly increased endocytosis rates because endosomes reside only transiently in the PSD vicinity and rapidly translocate and fuse with the larger endosomal pools in dendrites (Cooney et al. 2002; Park et al. 2006) . To investigate whether changes in CCV numbers correlate with enhanced endocytosis of postsynaptic membrane constituents, we compared endocytosis rates of the AMPAR GluR1 subunit in NCAM+/+ neurons versus NCAM-/-neurons by estimating GluR1-mediated uptake of cell surface bound anti-GluR1 antibodies with endosomes (Carroll et al. 1999) . Neurons preincubated with mouse anti-GluR1 antibodies visualized with the Cy3-conjugated secondary antibodies produced in goats were allowed to take up the GluR1/antibody complexes for 1 h. After fixation, surface GluR1/antibody complexes were visualized with Cy2-conjugated antibodies against goat immunoglobulins. Cy3-positive/Cy2-negative internalized GluR1 complexes formed bright accumulations in dendrites that were clearly distinguishable from surface Cy3/Cy2-positive GluR1 clusters in accordance with previous reports showing that the major endosomal pool in dendrites is located several micrometers away from PSDs (Cooney et al. 2002; Park et al. 2006) . The GluR1 internalization index (GluR1 intern. ) defined as the ratio of internalized Cy3 immunofluorescence to the total Cy3 immunofluorescence along neurites was increased in NCAM-/-versus NCAM+/+ neurons (Fig. 9A) . A similar effect was observed for the GluR2 subunit of AMPARs (Fig. 9A) . Depletion of bI spectrin in NCAM+/+ neurons with bI spectrin siRNA also resulted in significantly increased GluR1 intern. when compared with neurons transfected with scrambled control siRNA (Fig.  9B) . To verify these results in another set of experiments, bI spectrin expression was reduced by transfecting neurons with a vector driving expression of engineered bI spectrin miRNA (Invitrogen). GluR1 intern. was increased by approximately 90% in neurons overexpressing functional bI spectrin miRNA when compared with neurons overexpressing nonfunctional bI spectrin miRNA or transfected with a negative control construct (Supplementary Fig. S4 ). Altogether, our results indicate that the spectrin meshwork disassembly promotes AMPAR internalization.
To analyze whether this effect was specific for synaptic proteins, we analyzed internalization of transferrin receptors, which are broadly distributed in the somata and dendrites of neurons. Neurons were incubated with fluorescent Alexa Fluor 546-transferrin and allowed to take up Alexa Fluor 546-transferrin/transferrin receptor complexes for 1 h. In contrast to AMPARs, levels of internalized transferrin were similar in the somatodendritic domains of NCAM+/+ and NCAM-/-neurons ( Fig. 9C) indicating that overall endocytosis rates of nonsynaptic proteins were not significantly affected by NCAM deficiency.
Insertion of New AMPARs into Synaptic Membranes Is
Counterbalanced by AMPAR Endocytosis via PSD Perforations LTP of synapses is associated with an increase in the levels of postsynaptic AMPARs (Lu et al. 2001 ) and formation of PSD perforations (Geinisman et al. 1991; Buchs and Muller 1996; Yuste and Bonhoeffer 2001) . We analyzed the time sequence of these events by pharmacologically inducing LTP in cultured hippocampal neurons with 200 lM glycine applied for 3 min to activate synaptic N-Methyl-D-aspartate receptors (Lu et al. 2001; Park et al. 2004 Park et al. , 2006 . In stimulated NCAM+/+ neurons, the percentage of perforated synapses remained unchanged at 15 and 45 min, transiently increased by approximately 2-fold at 120 min and declined at 180 min following glycine stimulation (Fig. 10A ) in accordance with previous reports showing that the percentage of synapses with perforated PSDs increases after LTP induction (Geinisman et al. 1991; Buchs and Muller 1996; Yuste and Bonhoeffer 2001) .
To follow AMPAR insertion and internalization rates, receptors were labeled with antibodies against the extracellular domain of GluR1 before LTP induction, or neurons were incubated for 20 min with GluR1 antibodies applied immediately after glycine stimulation to label also receptors inserted to the surface membrane after LTP induction. Neurons were then fixed at different time points after LTP induction. Levels of surface GluR1/antibody complexes and GluR1/antibody complexes internalized within the time after the end of labeling and before fixation were analyzed. At 75 min after glycine application, GluR1 levels at the cell surface of NCAM+/+ neurons were significantly higher when compared with levels of GluR1 labeled at the cell surface before LTP induction (Fig. 10B) , indicating that new AMPARs were inserted to the cell surface within 20 min after glycine stimulation and remained at the cell surface for 1 h. Insertion of new receptors was accompanied by a reduction in GluR1 intern. (Fig. 10C) indicating that endocytosis of AMPARs was inhibited after LTP induction. Levels of surface GluR1 declined at 120 min after LTP induction, being accompanied by an increase in GluR1 intern. . Hence, formation of perforated PSDs in NCAM+/+ neurons at 120 min after LTP induction correlated with AMPAR endocytosis at this time point.
In NCAM-/-neurons, the percentage of perforated synapses was not further increased following glycine stimulation at any time point tested (Fig. 10A) . While before LTP induction overall GluR1 levels at the cell surface of NCAM-/-neurons were increased when compared with NCAM+/+ neurons, GluR1 intern. was also higher in NCAM-/-neurons (Fig. 10B,C ). An increase in surface membrane GluR1 levels then probably represents a compensatory reaction to the reduced stabilization of AMPARs at the cell surface of NCAM-/-neurons. Similarly to NCAM+/+ neurons, GluR1 intern. in NCAM-/-neurons declined following LTP induction (Fig. 10C) . However, this decline in GluR1 intern. was accompanied only by a minor increase in surface GluR1 levels probably due to the fact that GluR1 intern. remained significantly higher in NCAM-/-neurons when compared with NCAM+/+ neurons at 15 and 75 min following glycine stimulation. The difference in GluR1 intern. between genotypes was abolished at 120 min after glycine stimulation (Fig. 10C) , that is, at the time of active formation of PSD perforations in stimulated NCAM+/+ neurons (Fig. 10A) . At this time point GluR1 intern. in NCAM+/+ neurons increased to the levels of NCAM-/-neurons. The combined observations indicate that LTP-associated and NCAM deficiencyinduced changes in the percentage of perforated synapses and AMPAR endocytosis rates are not additive suggesting that the mechanisms underlying these changes may be similar in nature.
Discussion
Cell adhesion molecules, and NCAM in particular, promote stabilization of axodendritic contacts (Sytnyk et al. 2002) , synaptogenesis, and PSD formation Sytnyk et al. 2006) . We now show that NCAM is also required for the maintenance of the ultrastructural integrity of PSDs in synapses. Our data suggest that to maintain PSD integrity, NCAM associates with and assembles the spectrin meshwork, which interacts with the intracellular domains of NCAM140 and NCAM180 (Leshchyns'ka et al. 2003) .
A reduction in the integrity of PSDs is evidenced at the ultrastructural level by the appearance of perforations in the electron-dense material characteristic of PSDs. Several mechanisms for PSD perforation have been proposed, including PSD perforation by plasma membrane expansion through exocytosis or perforation by actin polymerization (Edwards 1995; Sorra et al. 1998; Toni et al. 2001; Spacek and Harris 2004) . These mechanisms could, however, not be verified in the present study. Instead, our data suggest a model according to which perforation of PSD occurs via local disassembly of the NCAM-associated spectrin meshwork, an event required and sufficient for PSD perforation (Fig. 11) . Interestingly, an increase of NCAM-mediated adhesion by removal of polysialic acid, a highly negatively charged carbohydrate carried by NCAM, reduced the percentage of synapses with perforated PSDs formed in response to LTP, indicating that enhanced NCAM-dependent adhesion in the synaptic cleft stabilizes synapses and prevents perforation of PSDs .
PSDs are known as remarkably stable structures that may impede membrane turnover by endocytosis in the postsynaptic membrane. In accordance with this idea, the spectrin meshwork inhibits endocytosis of cell surface proteins in fibroblasts (Kamal et al. 1998) . We show that depletion of bI spectrin expression or abnormally low bI spectrin accumulation in PSDs of NCAM-/-neurons is accompanied by increased numbers of CCVs in the vicinity of PSDs and by higher GluR1 internalization rates, suggesting that PSD perforations open additional endocytic zones for AMPARs within PSDs. In agreement with this view, we observed GluR1 containing AMPARs in PSD perforations and in endocytic zones formed at perforation sites. Importantly, in synapses with perforated PSDs approximately the same number of coated pits was found at sites of PSD perforations and laterally to PSDs, suggesting that endocytic zones within PSD perforations may account for as much as 50% of the overall postsynaptic endocytosis in perforated synapses. While it is likely that endocytic zones within PSD perforations are formed after the disruption of PSDs, we cannot rule out the possibility that PSD perforations are formed as a result of endocytic zone formation. PSD perforation may thus reflect a PSD restructuring mechanism required for the efficient turnover of the postsynaptic machinery.
Active membrane turnover at PSDs is particularly relevant following induction of LTP, which is associated with the exocytosis of postsynaptic components (Park et al. 2006 ) and Figure 9 . NCAM and bI spectrin deficiency enhance AMPAR endocytosis. (A,B) Live NCAMþ/þ and NCAMÀ/À cultured hippocampal neurons (A) or control and bI spectrin siRNA-transfected NCAMþ/þ neurons (B) were labeled with antibodies against the extracellular domain of GluR1 followed by Cy3 conjugated secondary antibodies (red). Aftertransient PSD enlargement and spine head size increase (Toni et al. 2001 ). Interestingly, we found an increase in the percentage of perforated synapses in NCAM+/+ neurons not only after LTP but also after long-term inhibition of synaptic activity, which is associated with synaptic scaling (Pe´rez-Otan˜o and Ehlers 2005) . Similarly to LTP, this homeostatic increase in synaptic strength is also associated with an increase in exocytosis of postsynaptic components including AMPAR (Wierenga et al. 2005) . Our observations thus suggest that perforated synapses are involved in homeostasis of synaptic structure associated with synapse scaling. Since NCAM-/-neurons do not show increased levels of perforated synapses in response to inhibition of synaptic activity, it is likely that synaptic scaling is impaired by NCAM deficiency. LTP and synaptic scaling are both accompanied by NMDA receptordependent Ca 2+ signaling (Pawlak et al. 2005) . The increase in the percentage of synapses with perforated PSDs may thus be linked to the cleavage of spectrin by Ca 2+ -dependent proteases, such as calpains (del Cerro et al. 1994; Faddis et al. 1997; Jourdi et al. 2005; Lynch and Baudry 1987; Fig. 11) . Extracellular proteolysis of NCAM observed after LTP and kainic acidinduced seizures (Hoffman et al. 1998 ) may also contribute to PSD perforations in activated synapses by weakening extracellular adhesive forces.
The percentage of synapses with perforated PSDs does not change within 45 min after glycine-induced LTP, that is, during the time of most active postsynaptic exocytosis after this type of stimulation (Park et al. 2006) , suggesting that PSD perforations are not required for exocytosis. Our data suggest that PSD perforations play a role in endocytosis of postsynaptic constituents, including AMPARs, from potentiated synapses at Figure 10 . Formation of PSD perforations correlates with increased AMPAR endocytosis. (A) Graph shows percentages of perforated synapses (mean ± SEM, n $ 6 cultures were analyzed in each group) in NCAMþ/þ and NCAMÀ/À neurons treated with 200 lM glycine for 3 min and fixed at the indicated time points. The percentage of perforated synapses is increased in NCAMþ/þ neurons at 120 min following glycine application when compared with control NCAMþ/þ neurons not treated with glycine (con.). *P \ 0.05, one-way ANOVA (Dunnett's multiple comparison test compared with control). (B,C) Graphs show GluR1 surface levels (GluR1 surf. ) and internalization index (GluR1 intern. ) (mean ± SEM, n $ 30 neurons from 3 cultures were analyzed in each group) in NCAMþ/þ and NCAMÀ/À neurons that were stimulated with 200 lM glycine for 3 min and fixed at the indicated time points following glycine stimulation. GluR1 was labeled before stimulation, or antibodies were applied for 20 min immediately after glycine stimulation to detect receptors newly inserted to the cell surface. In NCAMþ/þ neurons, GluR1 surf. is increased at 75 min and declines at 120 min after glycine stimulation inversely correlating with GluR1 intern. . *P \ 0.05, one-way ANOVA (Dunnett's multiple comparison test compared with 75 min after glycine stimulation). Note that although GluR intern. declines with time in NCAMÀ/À neurons, it remains statistically significantly higher than in NCAMþ/þ neurons (P \ 0.05, Kolmogorov--Smirnov test, not depicted on the figure) at 15 and 75 min following glycine stimulation. later stages after LTP induction thus probably compensating for enhanced exocytosis of postsynaptic components in synapses immediately after induction of LTP. Previous observations indicating that PSDs and spine heads increase in size only transiently after LTP induction (Toni et al. 2001) , and that large PSDs accommodate the highest number of perforations (Calverley and Jones 1987) , are in agreement with this conclusion.
Although the percentage of synapses with perforated PSDs is increased in NCAM-/-neurons, formation of new perforated PSDs is impaired in NCAM-/-synapses both in response to LTP or under activity deprivation normally associated with synapse scaling. A possible reason for this could be that the postsynaptic cytoskeleton is already disorganized in NCAM-/-synapses and its further disassembly could not lead to new PSD perforations. In addition, reduced N-methyl-D-aspartate receptor-dependent signaling in NCAM-/-neurons (Sytnyk et al. 2006 ) may lead to insufficient activation of Ca 2+ -dependent proteases required for cytoskeleton remodeling. It is interesting in this respect that NCAM induces remodeling of the spectrin meshwork in growing neurites via local activation of caspase-3 and -8 (Westphal et al. 2010) , which are also required for AMPAR endocytosis during induction of long-term depression in synapses (Li et al. 2010) .
Our data show that synapse activation is not the only way to induce PSD perforation. Abnormalities in adhesion and/or cytoskeleton organization may also result in perforation of PSDs in the absence of synapse activation and Ca 2+ influx. An important conclusion from our observations is that whereas activation of synapses leads to perforations, it may be precocious to consider perforation of PSDs as a marker of synaptic activity: abnormal expression of or mutations in NCAM and spectrin molecules have been observed in brain pathologies including schizophrenia, bipolar disorder, epilepsy, and ischemia (Najm et al. 1992; Kitamura et al. 1998; Vawter 2000; Sato et al. 2001 Sato et al. , 2003 Ringger et al. 2004) , correlating with an increased percentage of perforated synapses Leite et al. 2005) . Whether the latter are always markers of abnormal synaptic activity in diseased brains or whether they may also reflect abnormalities in cytoskeleton organization remain to be investigated. It will also be interesting to analyze whether abnormally high percentages of synapses with perforated PSDs contribute to brain pathology by increasing postsynaptic membrane endocytosis.
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